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Helicase loaders transfer the ring-shaped replicative
helicases onto DNA. They assort into two classes:
ring breakers, which place stabile hexameric rings
on DNA via transient gaps at subunit interfaces; and
helicase makers, which assemble hexameric rings
around DNA from monomeric helicase units.
Replicative helicases unwind DNA ahead of the
polymerase at a replication fork and must do so for
thousands of base pairs [1]. These enzymes are
hexameric rings and bind DNA through their central
channel, thus providing a means for their processivity.
The ring shape that provides processivity also presents
a challenge to the replication machinery: how does
DNA get into the central channel? In the absence of
available free ends, the usual situation in vivo, DNA
cannot be threaded through the hole of the ring, as one
would thread a needle. Different mechanisms are used
for this task and they typically require accessory pro-
teins, referred to as helicase loaders, which place the
helicase rings onto DNA.
The view that emerges from study of several
systems indicates that helicase loaders assort into two
classes. Members of one class, the ‘ring breakers’, act
on a pre-assembled hexameric ring, opening it at one
subunit interface to allow DNA to pass through to the
central channel (Figure 1). The substrates of this class
of helicase loader are generally stabile hexamers, even
under very dilute conditions. Members of the other
class, the ‘ring makers’, act on a disassembled
helicase, assembling the mature hexamer around the
DNA (Figure 2). The substrates of this class of helicase
loader are generally less stable to dilution.
In Escherichia coli, the replicative DnaB helicase is a
stabile hexamer over a wide range of protein
concentrations and the E. coli DnaC loader is of the ring
breaker class [1]. EcDnaB is capable of self-loading
onto single-strand DNA, but does so inefficiently. Effi-
cient loading requires the EcDnaC helicase loader to
facilitate opening of the ring, by holding the ring open
and/or by increasing the size of the gap between sub-
units so that DNA can more easily pass through to the
central channel. 
In the presence of ATP, the EcDnaC helicase loader
forms a hexamer ring on one face of EcDnaB, and while
this complex is active for helicase loading, the helicase
is inactive for DNA unwinding. ATP is required for
EcDnaC to load the helicase onto the origin of replica-
tion, but in this form it remains attached to the helicase
and inhibits DNA unwinding. Hydrolysis of ATP allows
EcDnaC to dissociate, thereby activating the EcDnaB
hexamer for unwinding. These characteristics have led
to the idea that EcDnaC is a dual ATP/ADP switch
protein; the ATP form promotes helicase loading and
the ADP form promotes DNA unwinding [2].
Loading of a helicase onto DNA in vivo is a more
complex process and typically requires yet more
accessory proteins (see final column of Figures 1 and
2). For example, the EcDnaC helicase loader is
necessary, but not sufficient, to load the helicase onto
the replication origin or onto collapsed replication
forks. Helicase loading at the origin requires not only
EcDnaC, but also DnaA, the replication initiator [1].
Loading of the helicase at collapsed forks or replica-
tion intermediates requires DnaC, but also requires
other proteins, including PriA [3].
In contrast, a recent study [4] of the related replica-
tive helicase from Bacillus subtilis, BsDnaC, found that
the pre-formed hexamer is inactive and instead must
be assembled from monomers around DNA by the
helicase loader. Besides the helicase loader, BsDnaI,
at least one other protein, BsDnaB (unrelated to
EcDnaB) is thought to participate in helicase loading.
As in E. coli, the BsDnaC helicase is a hexamer, and
six BsDnaI helicase loader molecules form a complex
with each BsDnaC hexamer. 
The pre-assembled hexameric BsDnaC helicase is
unable to unwind DNA, regardless of the presence of
the helicase loader (Figure 2). Under conditions where
the helicase is monomeric and BsDnaI is present,
however, the helicase unwinds oligonucleotide forks.
Thus, the BsDnaI helicase loader appears to act by
assembling BsDnaC helicase from individual subunits
into a hexameric ring around DNA (Figure 2). It has
been proposed that BsDnaI binds to both DNA and
BsDnaC and mediates hexamerization of the helicase
around DNA [4]. In this regard, the ‘ring maker’
mechanism exhibits similarities with some viral
helicases discussed below.
In Figures 1 and 2, the assortment of helicase
loaders into ring breakers and ring makers is extended
to other replicative helicases and helicase loaders. A
ring breaker mechanism has been demonstrated for
bacteriophage T7 gp4A helicase–primase [5]. The
loader of the archaeal ‘mini-chromosome mainte-
nance’ (MCM) helicase may also be a ring breaker, as
it is a stable double hexamer [6] and is active for DNA
unwinding over a large range of protein concentra-
tions [7]. Early studies by the Hurwitz group [8]
demonstrated that the pre-assembled hexamer of
simian virus 40 large tumor antigen (SV40 Tag) is inac-
tive, and must be added to SV40 replication assays as
a monomer. Hence a ring maker mechanism has long
been proposed for SV40 Tag. Recently studies of the
gp59 helicase loader of bacteriophage T4 also show
that it binds DNA [9] and assembles gp41 helicase
around the DNA [10], and one may speculate that this
mechanism may generalize to other helicases in this
class, including BsDnaC.
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Bacteriophage T7 gp4A and SV40 Tag helicases
load onto DNA without the aid of a separate helicase
loader. They do, however, use a separate domain to
aid in the loading process. SV40 Tag binds to specific
sequences in the SV40 origin through a specific DNA
binding domain, separate from its helicase domains
[11]. This DNA binding must occur via Tag monomers
for ordered assembly of Tag into hexamers onto the
origin, and thus this domain acts akin to a helicase
loader that is fused onto Tag. 
A ring breaker mechanism for loading of the T7 gp4A
helicase has been demonstrated [5]. T7 gp4A is unique
in having both helicase and primase activities within
one protein. The primase domain forms a ring on one
face of the protein [12], similar to the EcDnaC ring
formed on the E. coli helicase. A ring loading mecha-
nism has been proposed whereby the primase domain,
which has its active site on the outer edge of the ring
[12], contacts DNA and acts like a helicase loader by
holding gp4A next to DNA and taking advantage of the
transient parting of one of the subunit interfaces to
insert DNA into the central channel [5]. 
The replicative helicase in eukaryotic cells is thought
to be the heterohexameric Mcm2-7 complex or a sub-
complex thereof [13]. The helicase loader is thought to
be Cdc6/18 [13], which is a member of the AAA+ family
of ATPases and shows sequence similarity to EcDnaC
and BsDnaI [2]. Another protein, Cdt1 is also required
for Mcm2-7 association with DNA in vivo [13] and may
be analogous to the BsDnaB ‘extra’ loading factor.
Helicase activity has not been detected with the
Mcm2-7 heterohexamer, yet each MCM2-7 gene is
essential for replication [14]. It is interesting to note
that a heterohexameric subcomplex of Mcm426272 has
helicase activity [15]. Perhaps, Mcm2-7, like BsDnaC
and Tag, is simply inactive as a pre-formed Mcm2-7
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Figure 1. Helicase loaders as ring
breakers. 
A general scheme of action for a ring
breaker helicase loader is shown at the
top. Helicase loaders of this class func-
tion in part by aiding the parting of a
subunit interface in the hexameric heli-
case ring, thereby breaking the ring open.
DNA is then able to pass though the
opening to the center of the ring. Specific
examples of helicases that are loaded by
this mechanism are listed below along
with a comparison of their clamp loaders.
The electron microscope and structure
images are from [16–18].
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Figure 2. Helicase loaders as ring
makers.
A general scheme of action for a ring
maker helicase loader is shown at the top.
A preformed hexamer is unable to unwind
DNA, however the monomeric form of the
helicase is assembled into a hexamer
around DNA by the helicase loader. Spe-
cific examples of helicases that are
loaded by this mechanism are shown
below along with the characteristics of
their helicase loaders. The images of the
helicases are from [19,20].
Inactive Inactive Active
Helicase
Accessory
factors
Helicase assembly/DNA binding DNA unwindingUnstable hexamer 
DnaI
Origin
binding
domain?
gp59
No
Yes
No
DNA
sequence
BsDnaB
None
+
Helicase Helicaseloader
?
Yes
Yes
Helicase loader
Ring maker AAA+DNA binding
B. subtilis
BsDnaC 
SV40
T antigen
PhageT4
gp41 
Current Biology
heterohexamer and must monomerize prior to being
made into a ring around DNA by its helicase loader.
Whether these emerging views on helicase loading,
brought into focus by the recent studies in B. subtilis,
breathe life into eukaryotic Mcm2-7 helicase remains
to be seen.
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